INTRODUCTION
In the past two decades, polymer solar cells (PSCs) have attracted broad interests due to their flexibility and low cost of processing. [1] [2] [3] Conjugated polymers with low bandgaps are emerging as competitive candidates for developing PSCs into practical applications due to the improved absorption of the solar photon flux in order to generate higher photocurrent. 4 Recent years, bulk heterojunction (BHJ) PSCs has made great progress. [5] [6] [7] In this type of device, a blend of an electron-donating material As electron donor materials, conjugated polymers are usually required to carry flexible side chains to ensure the polymers with good solubility in organic solvents.
The lengths and positions of alkyl or alkoxyl chains play an important role in 3 solubility, molecular weights, energy levels of conjugated polymers, morphologies of blend films, and therefore the photovoltaic performance of devices. 12, 13 Our group recently synthesized a copolymer, namely poly(2- octyloxy chains on benzothiadiazole moiety, which demonstrated that a planar structure was formed due to the low steric hinderance of octyloxy chain, and a PCE of 4 % was achieved. 14 The results indiacate 5,6-dioctyloxy-benzothiadiazole (DOBT) is a good electron accepting building block to contruct highly soluble polymer photovoltaic materials.
As well known, polythiophene and its derivatives have been investigated as active materials for the wide applications in polymer light-emitting diodes, polymer field-effect transistors and PSCs due to relative higher hole mobility in comparison with other conjugated polymers. [15] [16] [17] Obviously, thiophene unit was very important in tuning optoelectronic properties of the polymers. Moreover, to the best of our knowledge, there was no report about incorporating one thiophene unit into DOBT moiety to construct the polymers for the photovoltaic applications or investigating the effect of changing the numbers of thiophene unit on the thermal, optical, electrochemical and photovoltaic properties of DOBT based polymers. Based on the above considerations and our previous work, we have synthesized two conjugated polymers as shown in Scheme 1, P1 without thiophene unit and P2 with one thiophene unit in the repeating unit, which both used DOBT as an electron-deficient 4 moiety and BDT as an electron-rich moiety. A similar polymer, PBDT-DODTBT is also listed for comparison. 14 In this work, from P1 to PBDT-DODTBT, hole mobilities and PCEs from polymer/PC 71 BM blends gradually increased with the increasing introduction of thiophene unit. Furthermore, the relationship between the structure and the optoelectronic properties was also investigated and discussed in detail.
Scheme 1
The chemical structures of low bandgap polymers.
EXPERIMENTAL PART Materials
Pd(PPh 3 ) 4 , 2-thiophene boronic acid and catechol were obtained from Alfa Asia
Chemical Co and Pacific Chem Source, and they were used as received. Toluene was dried over Na/benzophenone ketyl and freshly distilled prior to use. Other reagents and solvents were purchased commercially as analytical-grade quality and used without further purification. Column chromatography was carried out on silica gel 
18,19
Characterization 1 H NMR spectra were recorded using a Bruker AV-400 spectrometer in deuterated chloroform solution at 298 K, unless specified otherwise. Chemical shifts were reported as δ values (ppm) relative to an internal tetramethylsilane (TMS) standard. 
Fabrication and characterization of photovoltaic cells
The PSCs were fabricated in the configuration of the common sandwich structure with an indium tin oxide (ITO) glass anode and a calcium/aluminum cathode.
Patterned ITO glass with a sheet resistance of 15-20 Ω/□ was purchased from CSG HOLDING Co., LTD. (China). Each ITO substrate was patterned using photolithography techniques. Prior to use, the substrates were cleaned with detergent and deionized water. Then, they were ultrasonicated in acetone and isopropanol for 15 minutes, respectively. The ITO substrates were subjected to UV ozone cleaning for 15
minutes. ITO substrates were spin-coated (3500rpm, 60 s) with a thin film (25 nm) of Illumination of the cells was done through the ITO side using light from 300 W San-Ei Solar Simulator (XES-301S + EL-100) to provide an intensity of 100 mWcm -2 .
7 in a glove box.
Synthesis of monomers and polymers
Synthetic routes of the monomers and polymers are shown in Scheme 2. The dibromonated monomer 1 was synthesized according to our recent publication. 14 All of the other compounds were synthesized as the following procedures.
Scheme 2 Synthetic routes of the monomer and the corresponding polymers.
4-bromo-5,6-bis(octyloxy)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (2)
Compound 1 (4.13 g, 7. 
4-bromo-5,6-bis(octyloxy)-7-(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (3)

Poly(4,7-(5,6-bis(octyloxy))benzo[c][1,2,5]thiadiazole-alt-4,8-di(2-ethylhexylo xyl)benzo[1,2-b:3,4-b]dithiophene)(P1)
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Optical Properties
Normalized absorption spectra of polymers P1, P2 and PBDT-DODTBT in CHCl 3
solutions and films are shown in Figure 2 Table I . The polymers generally show two absorption peaks both in chloroform solution and in thin film, which is in accordance with other D-A copolymers. 20 The absorption maxima of P1 in chloroform solution was ca. 570 nm, which is red-shifted in comparison with other two polymers (the absorption peaks of P2 and PBDT-DODTBT solutions are located at 553 nm and 548 nm, respectively). by cyclic voltammetry as shown in Figure. 3. All of the potentials are reported using Ag/Ag + as the reference with the ferrocene/ferrocenium couple as an internal standard, and the correlation can be expressed as follows: 21 HOMO= -e( ox on E +4.71) (eV);
LUMO= -e( red on E +4.71) (eV).
As observed from the cyclic voltammograms in Figure. 3, the two copolymers exhibited partial reversible oxidation and irreversible reduction processes. The onset potentials for oxidation (E ox ) were observed to be 0.46 and 0.47 V for P1 and P2,
respectively. In addition, the onset potentials from the reduction (E red ) part were found to be -1.22 and -1.14 V, respectively. From the values of E ox and E red , the HOMO, LUMO energy levels and electrochemical bandgaps (E g ) of the copolymers were calculated, and the results were shown in Table I , the corresponding electrochemical bandgaps are similar to the optical bandgaps within the experimental error. We found the oxidation onset potentials of P1, P2 and PBDT-DODTBT were similar, which indicated that the HOMO levels of the three polymers are mainly determined by the BDT segments. Compared with P1, P2 by the incorporation of one thiophene unit and PBDT-DODTBT by the incorporation of two thiophene units were found to possess the higher reduction onset potential. 
Theoretical Calculations
The optimal geometries and electronic state wavefunction distribution of HOMO and LUMO of the D-A model compound were obtained at the DFT B3LYP/6-31G* level using the Gaussian 03 program suit 23 ( Figure 4) . To simplify the calculations, all of the alkyl chains were replaced by -CH 3 groups. DFT/B3LYP/ 6-31G* has been found to be an accurate method for calculating the optimal geometry and electronic structures of many molecular systems without considerations of solvent effect and interactions between polymer chains. Ab intitio calculations on the model compound 1
for P1 and the model compound 2 for P2 show that the two copolymers are planar, which enable the electrons to be delocalized within the entire molecule due to the pi-conjugation. For P1 and P2, the electronic wavefunction of the HOMO was distributed entirely over the conjugated molecules, which is beneficial for obtaining higher hole mobility, 24 however, the electron wavefunction of LUMO was mainly localized on the DOBT part. Thus, the incorporation of DOBT segment effectively and P2, calculated at the DFT B3LYP/6-31G* level.
Hole Mobility
Hole mobility is another important parameter of the conjugated polymers for the photovoltaic application. We measured the hole mobilities of P1 and P2 with the 
X-Ray Analysis
To evaluate the crystallinity of the polymers, X-ray diffraction measurements were taken for the spin coated films on SiO 2 substrate. Figure 6 shows the XRD spectra of the thin film of P1 and P2 at room temperature. It is clear that P1 and P2 exhibited the broad band centered around 15-40 degrees, which indicates the copolymers are amorphous. 
Photovoltaic Properties
To investigate the photovoltaic properties of the polymers, the photovoltaic 
